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Functional connectivity in relation to motor performance and 
recovery after stroke
Kelly P . Westlake and Srikantan S. Nagarajan*
Biomagnetic Imaging Laboratory, Department of Radiology and Biomedical Imaging, University of California San Francisco, CA, USA
Plasticity after stroke has traditionally been studied by observing changes only in the spatial 
distribution and laterality of focal brain activation during affected limb movement. However, 
neural reorganization is multifaceted and our understanding may be enhanced by examining 
dynamics of activity within large-scale networks involved in sensorimotor control of the limbs. 
Here, we review functional connectivity as a promising means of assessing the consequences 
of a stroke lesion on the transfer of activity within large-scale neural networks. We first provide 
a brief overview of techniques used to assess functional connectivity in subjects with stroke. 
Next, we review task-related and resting-state functional connectivity studies that demonstrate 
a lesion-induced disruption of neural networks, the relationship of the extent of this disruption 
with motor performance, and the potential for network reorganization in the presence of a stroke 
lesion. We conclude with suggestions for future research and theories that may enhance the 
interpretation of changing functional connectivity. Overall findings suggest that a network level 
assessment provides a useful framework to examine brain reorganization and to potentially 
better predict behavioral outcomes following stroke.
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Recently, the creation of anatomically connected network maps 
in healthy brains has led to a conceptualization of the impact of 
lesions in brains affected by stroke. To a certain extent, these models 
have shown that the unpredictability in functional outcomes may 
indeed be due to the lesion location (Alstott et al., 2009). However, 
the reasons extend beyond the localized function of the region 
and emphasize the importance of whether the lesion occurred at 
a node of a large-scale brain network and whether it has caused 
dysfunction at other nodes in the network (Kaiser and Hilgetag, 
2004; Honey and Sporns, 2008; Alstott et al., 2009). If at a central-
ized location, symptoms may be more severe and reflect distributed 
effects than when the lesion is less centralized, in which case the 
effects may be largely attributed to the specialized function of the 
ischemic area (Alstott et al., 2009). Accordingly, recovery of func-
tion may depend on the repair and redistribution of activity in 
structurally intact, yet functionally disconnected nodes of a task-
relevant network.
In this review, we aim to explore the subject of functional con-
nectivity, defined as temporal correlations between neural or hemo-
dynamic signals arising from distinct brain regions. We focus on 
functional connectivity in relation to motor recovery after stroke 
by providing a synthesis of findings that highlight three important 
points. First, an ischemic stroke lesion causes disruptions in func-
tional connections to areas remote to the site of the lesion. Second, 
the intrinsic architecture of the residual functional connections 
reflects the behavioral consequences of stroke. Third, reorganiza-
tion within a functional network is possible and plays a key role in 
the recovery of motor function. We begin with a description of cur-
rent analysis techniques used to assess functional connectivity after 
stroke. We then discuss functional networks in a stroke population 
IntroductIon
Stroke lesions cause neural dysfunction both at the lesion site and 
in remote brain regions. Historically, reduced neural function of 
distant, structurally intact regions was thought to be due to edema 
and increased pressure on the remaining neurons. It was not until 
1914 when Constantin von Monakow coined the term diaschisis 
that disruption in the transfer of information between connected 
brain regions became more widely acknowledged. He described 
diaschisis associative – cortical dysfunction due to lesions of con-
nected  areas  within  the  ipsilesional  hemisphere,  and diaschisis 
commissuralis – cortical dysfunction due to lesions of the intercon-
nections to the contralesional hemisphere (Von Monakow, 1914). 
Years later, Geschwind (1965a,b), echoing the ideas of Wernicke 
(1874), provided further theoretical support for non-local effects 
of brain lesions with a thorough account of “disconnection syn-
dromes.” He contended that the various forms of aphasia, apraxia, 
and agnosia were the result of anatomical disconnections caused by 
white matter lesions or lesions of association cortices (i.e., poste-
rior sensory areas). Nevertheless, with a lack of empirical evidence 
supporting these principles, the prevailing belief for many years 
was that a reasonable symptomatic explanation could be obtained 
merely by defining the locus of a lesion, which inversely confirmed 
the function of that region. Even with the advent of functional 
neuroimaging, regional shifts of activity have come to define plas-
ticity following stroke and yet still do not sufficiently capture the 
widely variable recovery of motor function. Therefore, in order to 
comprehend and treat persistent motor impairments, it appears 
crucial to move beyond segregated perspectives of brain function 
and characterize the lesioned brain as an integrated and reorgan-
ized functional network.
Edited by:
Barry Horwitz, National Institutes of 
Health, USA
Reviewed by:
Christian Gerloff, University Medical 
Center Hamburg-Eppendorf, Germany
Cecile Gallea, Hôpital de la Pitié 
Salpétrière, France
*Correspondence:
Srikantan S. Nagarajan, Biomagnetic 
Imaging Laboratory, Department of 
Radiology and Biomedical Imaging, 
University of California San Francisco, 
513 Parnassus Avenue Suite S362, Box 
0628, San Francisco, CA 94143, USA. 
e-mail: sri@radiology.ucsf.edu
Frontiers in Systems Neuroscience  www.frontiersin.org  March 2011  | Volume 5  | Article 8  |  1
Review ARticle
published: 16 March 2011
doi: 10.3389/fnsys.2011.00008as they relate to anatomical substrates, motor task performance, 
and resting-state paradigms. The final sections shed some light 
on concerns specific to the relationship of functional connectivity 
with motor recovery after stroke as well as suggestions for future 
research. Because motor recovery of the upper extremity is most 
commonly evaluated in neuroimaging studies, we focus here on 
the recovery of sensorimotor arm and hand function.
technIques for assessment of functIonal 
connectIvIty
The synchronous firing of transient neural signals is what func-
tionally binds widely distributed sets of neurons (Singer, 1999). 
Currently, there is no consensus on the most accurate method of 
assessing functional connectivity, but in many respects, the tem-
poral resolution (milliseconds) of electroencephalography (EEG) 
and magnetoencephalography (MEG) is optimal for non-invasively 
capturing the precise timing of this activity. Changes in the electro-
magnetic field related to neuronal activity can be acquired over a 
broad frequency spectrum and spectrally decomposed into distinct 
frequency bands. Measurements of “coherence” or “phase synchro-
nization” are two techniques that are specific to these two modalities 
and may be employed to depict the functional coupling between 
neural populations. Coherence is a technique that evaluates the 
covariance of the phase and amplitude of oscillations while phase 
synchronization assesses the precision of neuronal discharges inde-
pendent of amplitude. Functional connectivity analyses of EEG and 
MEG data is sometimes performed at the level of sensor correla-
tions which can be difficult to interpret in terms of the underlying 
brain structures involved. More recently, studies have examined 
correlations between inferred brain activity obtained by solving 
the MEG/EEG inverse problem. While these studies allow us to 
interpret the functional connectivity of underlying brain struc-
tures involved, caution must be placed on these findings due to 
potential confounding effects resulting from the reconstruction 
algorithms used.
Evaluations of coordinated neural activity have also been derived 
from covariations of the amplitude and latencies of hemodynamic 
signals arising from distinct brain regions. Techniques such as fMRI 
and PET make indirect inferences about neural activity through 
recordings of alterations in blood oxygen level dependent (BOLD) 
signals or metabolic activity. In an ischemic brain, the hemody-
namic underpinnings of these signals may be confounded and 
must be cautiously interpreted and appropriately modeled through 
advanced statistical techniques. Still, in many cases it is possible to 
define functionally connected nodes within a widespread neural 
network located remote to the site of the lesion.
The two most commonly applied techniques to measure func-
tional connectivity following stroke are seed-based correlation and 
component analysis, which can capture both resting and task-based 
activity in the brain. Seed-based approaches were first introduced 
by Biswal et al. (1995), who correlated the mean time course of the 
BOLD signal within a region of interest (in this case, left motor 
cortex) with the time courses of all other brain voxels. The results 
indicated correlated brain activity between bihemispheric primary 
and secondary sensory and motor areas and supplementary cortex 
even in a resting brain state. To explain this phenomenon, Biswal 
proposed that the fluctuations in blood oxygenation or flow is a 
result of functional connectivity between these regions (Biswal 
et al., 1995). A limitation of this technique, however, is that a pri-
ori data assumptions are required to define the seed region, which 
may  introduce  selection  bias.  This  point  becomes  particularly 
relevant following stroke when the focal lesion may cause wide-
spread network changes that can no longer be defined by expected 
normal distributions. As an alternative to seed-based connectivity, 
independent component and principal component analysis tech-
niques have been applied (Friston et al., 1993; Calhoun et al., 2001; 
Beckmann et al., 2005). These statistical approaches evaluate the 
extent of signal covariance between all voxel (volume element) 
pairs for the entire voxel matrix of brain space. The resulting set 
of components account for independent (orthogonal) amounts of 
variance in the observed data. In terms of functional connectivity, 
each component represents a spatially distinct functional neural 
network that is highly intercorrelated.
Other, more advanced techniques that are gaining recognition 
as a meaningful indices of connectivity are based on graph theory. 
Within  this  framework,  information  processing  and  propaga-
tion is topographically represented by a set of nodes (i.e., brain 
regions) and links between the nodes (i.e., functional connec-
tions; Bullmore and Sporns, 2009). A variety of metrics have been 
proposed to quantify network structure based on graph theoretic 
criteria (Gerloff and Hallett, 2010). For instance, networks can be 
described as either regular, small world, or random based on the 
number of local connections at each node and the path length 
between nodes. In general, a small world may be considered opti-
mally efficient, having a high clustering coefficient (i.e., number 
of local connections) with some long-range connections. On the 
other hand, a random network demonstrates less clustering and 
more long-range connections. Thus, by virtue of the distance in 
which most information must travel, random networks are con-
sidered relatively inefficient. The degree of efficiency is one metric 
that has been used to quantify brain networks and is defined by 
an inverse relationship with path length (i.e., distance required to 
go from one network node to another) and a positive relation-
ship to clustering coefficients. By this measure, brain networks are 
found to be small world. Another popular graph theoretic metric 
is the degree of centrality. Nodes with a high degree of connections 
linking it to other nodes of the network are referred to as having 
high centrality, which elevates the importance of the hub within 
the overall network. Graph theoretic methods allow us to quan-
tify network structure. While currently many of these measures 
describe global properties in brain networks, more efforts should 
be aimed at quantifying localized metrics as a means of probing 
local network structure.
Techniques described thus far represent functional connectivity 
and must be distinguished from a more recently applied subset of 
techniques known as effective connectivity. While functional con-
nectivity represents two connected regions, effective connectivity 
depicts the intrinsic or task dependent influences that a particu-
lar area exerts over another. Two statistical methods of effective 
connectivity have been employed to evaluate the impact of stroke 
lesion and subsequent reorganization patterns (Penny et al., 2004). 
Dynamic causal modeling is one approach, whereby the brain is 
treated as a deterministic system in which known external inputs 
cause changes in neural activity (Marreiros et al., 2008). Accordingly, 
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parallel to white matter axonal fiber bundles. Despite the remark-
able contribution of these approaches to the recreation of axonal 
networks within the brain, an ongoing limitation is the uncertainly 
by which a tract can be delineated (Chung et al., 2006). Water 
molecules inevitably encounter crossing, merging, or kissing fibers 
throughout the brain, thereby leading to false positives and false 
negatives when defining the principal diffusion direction of a given 
fiber tract. This limitation is particularly true with DTI fiber track-
ing techniques as opposed to q-ball deterministic or probabilistic 
tracking that specifically accounts for crossing fibers. Moreover, 
a common assumption in attempting to predict functional from 
structural connections is that the relationship will be one to one. 
Certainly, a direct relationship is possible, but functional connec-
tions may also be characterized as one to many or even many to 
one, which are very difficult to structurally resolve considering that 
many of these connections involve small and difficult to discern 
intra- and intercortical connections. Also, because tractography 
assesses the probability of finding a tract rather than the strength 
of the connection, results cannot be directly compared to the 
resulting functional connections, which are defined by strength. 
Nonetheless, while acknowledging these limitations, there still exists 
a pronounced need for more directed studies aimed at resolving 
the implied structure–function relationship in an integrated, mul-
timodal approach. In subjects with stroke, these techniques have 
mostly been assessed in parallel, which underscores the difficulty in 
linking the two modes of neural connectivity as a comprehensive 
depiction of recovery.
To support and understand interhemispheric functional con-
nections apart from DTI techniques, studies of the corpus cal-
losum – the largest connective structure in the brain – provide 
evidence of a feasible anatomical substrate. While there has been 
considerable debate on whether the interhemispheric transfer of 
information is excitatory or inhibitory in healthy controls, the gen-
eral consensus is that most connections between the two primary 
motor cortices are inhibitory to maximize the segregation of cross-
cortical activity (Ferbert et al., 1992). Another intriguing postulate 
is that the inhibitory and facilitatory nature of the transcallosal 
connections may differ depending on the particular dynamics of the 
task demand. For example, TMS studies of healthy controls found 
motor preparation to initially be accompanied by inhibition, fol-
lowed by facilitation immediately prior to movement onset (Murase 
et al., 2004). Following stroke, the interhemispheric balance may be 
altered, such that both movement preparation and execution are 
accompanied by an abnormal persistence of intracortical inhibi-
tion on ipsilesional M1 (Murase et al., 2004; Hummel et al., 2009). 
One question currently being pursued is whether these inhibitory 
mechanisms are interfering with recovery rather than helping it as 
was found in some patients with subcortical lesions and moderate 
to good recovery (Murase et al., 2004; Hummel et al., 2009). As an 
alternative hypothesis, the contralesional M1 and premotor cortex 
may be a potentially relevant substrate for recovery. Using single 
pulse TMS, Johansen-Berg et al. (2002) demonstrated the impor-
tance of contralesional premotor cortex in people with profound 
motor impairments performing a simple reaction time task. As an 
extension to these findings, Lotze and colleagues used rTMS and a 
“virtual lesion” approach to demonstrate that the control complex 
neuronal activity is explicitly modeled using direction and timing 
information. Structural equation modeling is the second technique 
and is similar in approach to dynamic causal modeling in that it 
confirms how well a model fits the data, but structural equation 
modeling assumes that the interactions are instantaneous or driven 
by an unknown source (Penny et al., 2004). Because only a select 
number of regions can be included for either dynamic causal mod-
eling or structural equation modeling, it is important to keep in 
mind that changes may exist in regions outside of the pre-defined 
model (Mechelli et al., 2002).
Finally, while not considered a measure of functional connec-
tivity per se, transcranial magnetic stimulation (TMS) approaches 
have been employed to probe intra- and intercortical physiology 
and causal changes in the intrinsic circuits in the brain (Reis et al., 
2008). In a stroke population, recent attention has been directed 
toward the notion of interhemispheric inhibition (IHI) leading 
from the contralesional to the ipsilesional motor cortex (Dimyan 
and Cohen, 2010). Within this context, a paired pulse technique is 
used, whereby a test stimulus over the ipsilesional cortex is preceded 
by a suprathreshold conditioning stimulus to the contralesional 
motor cortex. Electromyographic (EMG) electrodes over the mus-
cle of interest then record the resulting modulation of, what is 
known as, a motor evoked potential (MEP). Another approach used 
to assess connectivity is known as “jamming” or “virtual lesion,” in 
which trains of repetitive TMS (rTMS) can used to inhibit activity 
arising from a pre-defined region, such as contralesional M1 or 
premotor cortex (Johansen-Berg et al., 2002; Lotze et al., 2006). 
The behavioral effects are simultaneously measured during motor 
task performance. Therefore, rather than a direct measure of con-
nectivity, inferences about the influential state of cortical connec-
tions may be evaluated using TMS. One limitation, however, is that 
since current is reduced as a function of distance from the TMS 
stimulation coil, resulting brain stimulation and subsequent IHI or 
regional inhibition is generally restricted to the cortical level. Also, 
as with structural equation modeling and seed-based functional 
connectivity, interpretation of TMS observations only go as far as 
the pre-defined areas of stimulation/inhibition. By incorporating 
a thorough understanding of the anatomical underpinnings and 
important nodes of a functional network, TMS offers an immense 
potential to provide further insight into brain connectivity and to 
better guide rehabilitation efforts following stroke.
anatomIcal substrates of functIonal connectIvIty
It is widely assumed that, for the most part, functional connections 
reflect neuro-anatomical substrates (Fransson, 2005; Greicius et al., 
2009; Honey et al., 2009; van den Heuvel et al., 2009). The strong-
est correlations of oscillating neural signals are thought to exist 
between structurally connected regions, while weaker functional 
ties reflect indirect structural connections (Honey et al., 2009). 
However, one crucial point to keep in mind is that the nature of 
the relationship between functional and structural connectivity is 
far from clear. Current methods used to quantify disrupted neural 
connections are anatomical tracings such as diffusion tensor imag-
ing (DTI) in conjunction with tractography and high angular reso-
lution diffusion imaging (HARDI) with residual bootstrap q-ball 
fiber tracking (Stinear et al., 2007; Berman et al., 2008; Schaechter 
et al., 2009). These techniques provide information about the 
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explanation is that remote resting network changes induced by the 
lesion may, in fact, facilitate motor recovery. However, a relationship 
between either of these networks and motor performance at the 
time of imaging (i.e., chronic stage) was not demonstrated, leaving 
questions as to the relevancy of these connectivity patterns to motor 
impairments and the process of recovery. Nevertheless, this early 
study highlighted the potential usefulness of a functional network 
approach, beyond localization theories, to identify disrupted brain 
activity following stroke.
Electroencephalography coherence studies during affected hand 
movement have also shown changes in the patterns of cortical 
interactions compared to healthy controls, yet still with limited 
relationship with motor performance. For instance, Strens et al. 
(2004) recorded brain activity from nine electrodes in 25 subjects 
in the chronic (1–6 years) post-stroke stage during a 25% maxi-
mal handgrip task. Corticocortical coherence was determined in 
the combined alpha and low beta-frequency bands (9–25 Hz) and 
averaged across six connectivity groupings: left lateral frontal (three 
electrode pairs), right lateral frontal (three electrode pairs), left 
mesiolateral (nine electrode pairs), right mesiolateral (nine elec-
trode pairs), mesial (three electrode pairs), and interhemispheric 
(nine electrode pairs). Of these regions, coherence was greater in 
subjects with stroke compared with control subjects during task 
execution in three connectivity patterns, namely, between ipsile-
sional  mesial  (SMA)  and  lateral  frontal  region  (sensorimotor 
cortex), over contralesional lateral frontal region (sensorimotor 
cortex), and over contralesional mesial motor region (SMA). The 
authors speculated that increased connectivity of mesial and lateral 
frontal regions related to increased attention to task that, in cases 
of incomplete recovery, represented a compensatory mechanism. 
Also of note was that the group differences appear specific to the 
task execution since no differences were identified during the task 
preparation phase (Strens et al., 2004). Although these changes 
were interesting from a connectivity perspective, there was again 
a general lack of association with motor performance, which may 
merely reflect the limitations in the EEG coherence metric used 
to identify cortical changes. Specifically, the authors considered a 
“hand difference score” representing asymmetries in cortical coher-
ence obtained during affected and unaffected hand movement. 
Therefore, group differences in the degree of asymmetry may have 
partially been driven by reorganization of cortical networks during 
unaffected hand movement as may have arisen through compen-
satory overuse of this hand. Consequently, interpretation of these 
results was somewhat confounded and required further research 
to isolate changes of the affected hand.
Apart from the relatively unknown association with motor per-
formance, one particularly surprising finding of the previous study 
was the lack of change in interhemispheric connectivity. Given 
that  the  commonly  observed  increased  activity  of  ipsilesional 
sensorimotor cortex is suggestive of increased output from this 
region, the authors conducted a follow-up study to further evalu-
ate the interhemispheric coupling (Serrien et al., 2004). Within 
this study, they also chose to disentangle changes due to move-
ment of the unaffected from those of the affected hand. Using 
a directed coherence approach, it was observed that, in the low 
beta-frequency band, information flowed from the contralesional 
sequential finger movements in well-recovered subjects relies on the 
contribution of the contralesional premotor and primary motor 
cortex. Nevertheless, since TMS studies present a coarse perspec-
tive of network function, a better understanding the underlying of 
functional architecture may enhance interpretation and provide 
direction as to the most important regions of stimulation.
task-based connectIvIty
To date, theories of the brain’s response to a stroke lesion emphasize 
extensive changes in localized functional activation patterns during 
a motor task compared to that of a healthy control population. In 
general, the response to affected limb movement initially includes 
a bilateral overactivation in primary and secondary sensorimo-
tor regions. During the process of recovery, a reduction in activa-
tion is observed that can either persist in a bilateral distribution 
or become lateralized toward the perilesional tissue and motor 
regions of the lesioned hemisphere (Calautti et al., 2001; Ward 
et al., 2003). Presumably, these changes represent an attempt to 
maximize the residual cortical output, but the involvement of mul-
tiple areas is generally inversely related to recovery. In the event 
that the ipsilesional primary motor cortex is no longer capable of 
functional contributions, secondary regions gain importance, and 
perhaps become a necessary component to sustain further, albeit 
incomplete, recovery. In this case, cortico-cortico and corticospi-
nal tract are the two primary connections, although the specific 
contribution of each pathway to motor recovery is still unknown. 
While the identification of these localized activation patterns has 
been informative with respect to the recovery process, we now have 
the analysis tools to deepen the understanding of the underlying 
neural integration. That is, spatial reorganization implies an under-
lying network of activity, but the analysis fails to explicitly identify 
functional connections and, more importantly, the evolution of 
these connections as a process of recovery.
functIonal connectIvIty
Moving beyond investigations of the reorganization of localized 
neural activations, Seitz et al. (1999) was the first to probe func-
tional network changes induced by a stroke lesion. PET data was 
collected in seven subjects in the chronic (∼6 months) stage after 
infarction. Subjects were scanned at rest and during performance 
of finger movement sequences as accurately and fast as possible. 
Using principal component analysis, results indicated that of the 
eight principal components representing 80% of PET data vari-
ance, two were differentially expressed in controls and subjects with 
stroke. The first component, deemed, the “lesion-affected” network, 
was expressed in the absence of task and supported the widespread 
abnormalities occurring in regions remote to the ischemic core. 
Specific changes included the ischemic core and perilesional area, as 
well as contralesional and subcortical structures. The second com-
ponent was expressed during finger movement and correlated with 
motor scores acquired within a few days of stroke. Consequently, 
the authors deemed this component a “recovery-related” network. 
Of particular interest was the spatial overlay of the lesion-affected 
and recovery-related networks, which demonstrated similar areas of 
connectivity in the thalamus and visual association areas. Because 
the thalamus is an area of visual processing, it is not surprising that 
these regions fall within an integrated network, but why they are 
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reduced facilitation was demonstrated from ipsilesional SMA to 
contralesional M1 that correlated with bilateral hand motor deficit. 
Even in the absence of task performance, differences in interhemi-
spheric coupling between both SMAs and ipsilesional coupling 
between SMA and M1 were identified and were suggested as further 
mechanisms underlying hand motor impairment (Grefkes et al., 
2008). While these results corroborated previous TMS studies of 
IHI during a unimanual motor task, dynamic causal modeling ena-
bled the assessment of the motor network beyond M1. As stated 
by the authors, these findings may have important implications 
for treatment. If bilateral arm activities can improve the facilita-
tory effect of SMA, then promoting activity of contralesional M1 
may, in turn, facilitate ipsilesional M1 as seen in healthy controls. 
Presumably,  the  facilitatory  effect  would  extend  to  unimanual 
movements of the affected hand. Further longitudinal interven-
tions are required to support these hypotheses.
In addition to effective connectivity analysis of the classical 
motor network, the inclusion of cognitive regions revealed new 
areas of connectivity after stroke during a bilateral hand task (Walsh 
et al., 2008). Using fMRI and structural equation modeling, inter-
hemispheric connectivity of prefrontal cortex with ipsilesional 
SMA was observed in subjects with stroke that was not apparent 
in healthy controls, suggesting that attention to action or explicit 
learning may be a key compensatory mechanism following stroke. 
Clinical implications may initially include the promotion of this 
mechanism to facilitate SMA and, through interhemispheric con-
nectivity, ipsilesional M1. Later, as recovery ensues, movement may 
become more implicit such that the activation is again limited to 
the classical motor network, in the absence of prefrontal input.
Recognizing a need to identify whether pathological changes in 
connectivity may be reversed through targeted TMS interventions, 
Grefkes et al. (2010) assessed subjects using fMRI and effective 
connectivity analysis immediately before and after paired pulse 
TMS stimulation. Dynamic causal modeling revealed that TMS 
did indeed induce interhemispheric network changes resulting in 
reduced suppression from contralesional to ipsilesional M1 dur-
ing a unimanual affected hand task. These network changes were 
observed in relation to enhanced motor performance. A bilateral 
task was additionally evaluated, but because of an overall positive 
coupling between all motor regions during a bilateral task, network 
changes during bimanual movements were not observed. In other 
words, a suppression of contralesional M1 was not indicated in this 
model and therefore, was not expected to induce changes (Grefkes 
et al., 2010).
Effective connectivity changes within an extended motor net-
work have also been revealed during motor imagery following 
stroke. Sharma et al. (2009) evaluated the extent to which motor 
recovery is associated with network reorganization induced by 
motor imagery compared to motor execution. fMRI and struc-
tural equation modeling were assessed in subjects who were 
1 week to 2 years post-stroke. Results revealed differential con-
nectivity patterns in motor imagery and execution networks 
between subjects with stroke and controls. Specifically, a reduc-
tion in the connectivity between ipsilesional SMA and premotor 
cortex was found in both networks, while only during motor 
imagery was increased coupling observed between ipsilesional 
to the   ipsilesional sensorimotor cortex during affected hand move-
ment in less recovered subjects. Directed information flow was also 
found from mesial to contralesional sensorimotor cortex, again 
highlighting the importance of SMA as part of a larger network. 
Thus, in patients with incomplete recovery, the importance of con-
nectivity in the contralesional sensorimotor cortex, possibly act-
ing under the influence of mesial areas is supported in this study. 
However, whether these integrative effects are facilitatory or inhibi-
tory remained blurred and have since become an important focus 
of TMS research (Dimyan and Cohen, 2010). Also, it should be 
kept in mind that the inclusion criteria were primarily based on 
motor impairment status (i.e., weakness of wrist and finger exten-
sors). As a result, differences in lesion location (cortical, subcortical, 
left, right), lesion type (ischemic, hemorrhagic), and initial level of 
severity may have introduced important confounding variables to 
the connectivity patterns and data interpretation.
In an effort to further clarify network contribution of cont-
ralesional primary motor cortex to motor recovery in a very spe-
cific patient cohort, Gerloff et al. (2006) employed a multimodal 
analysis. Eleven subjects with chronic ischemic lesions (1–9 years 
post-stroke onset) of the left internal capsule and mild to moder-
ate extremity impairments were included. Functional connectivity 
was assessed using EEG corticocortical coherence during affected 
finger extension and interpreted using TMS MEP of ipsilesional and 
contralesional M1. An increase in functional coupling was observed 
between contralesional motor/premotor cortex and SMA in all fre-
quency bands tested (low alpha 8–10 Hz; high alpha 11–13 Hz; low 
beta 16–20 Hz, high beta 22–26 Hz) compared to healthy controls. 
In contrast, reduced connectivity was found between links of ipsile-
sional motor/premotor cortex with SMA and contralesional motor/
premotor cortex in the low beta band. These results largely cor-
roborate findings of Serrien et al. (2004), supporting key connec-
tions between SMA and contralesional M1 in subjects with residual 
motor deficits. Interestingly, TMS applied to contralesional M1 
did not induce a motor response of the affected hand, essentially 
refuting the possibility of compensation through corticospinal 
commands from this hemisphere, at least in subjects with mild 
impairments. Gerloff et al. (2006) additionally tested the localiza-
tion of functional activation using PET during affected hand move-
ment. Without any insight other than a bilateral activation response 
pattern, the advantages of assessing functional connections over 
local activations to understand neural changes after stroke were 
clear. However, although there are benefits to using a multimodal 
approach to better inform EEG and fMRI functional connectivity, 
interpretation may be enhanced by considering the directionality 
of information flow using measures of effective connectivity.
effectIve connectIvIty
Grefkes and colleagues used fMRI and dynamic causal modeling to 
identify the impact of subcortical stroke lesions on neural networks 
during whole hand flexion/extension. Subjects were assessed in the 
subacute (5–32 weeks) stage of recovery and each demonstrated 
mild weakness of their hand. During affected hand movement, 
inhibitory influences from contralesional to ipsilesional M1 were 
observed that related to the extent of motor impairment (Figure 1). 
Bilateral hand movements were also included and resulted in a 
reduction in the facilitatory drive leading from ipsilesional M1 
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is compensatory due to enhanced attention to task mechanisms 
or marks true reorganization of the motor network has yet to be 
resolved.
Despite the potential usefulness of task-based activation stud-
ies, at least two important limitations must be considered. First, 
subjects are typically selected because they are able to perform a 
standardized task, thereby limiting the generalizability of findings 
to the function of the particular task and to subjects with moderate 
to good motor recovery (Dong et al., 2006; Calautti et al., 2007). 
Second, mirror movements and increased effort are two common 
occurrences during affected limb movement leading to exaggerated 
activation of the unaffected hemisphere (Wittenberg et al., 2000; 
Ward et al., 2007). Although it is clear that lesions induce broad 
changes within a cortical network or activity, the dependency on 
task performance in the previously mentioned studies leaves criti-
cal uncertainties of the behavioral link. Are these network changes 
representative of the recovery process and cortical reorganization 
after stroke or are they merely an epiphenomenon?
restIng-state connectIvIty
Resting-state functional connectivity represents a reliable and prom-
ising means of assessing the intrinsic transfer of neural informa-
tion within a network while avoiding many task-based confounds 
(Damoiseaux et al., 2006). Although the physiological source of 
spontaneous activity is unclear, validation studies using fMRI and 
EEG identified a spectral profile of rhythmic neural activity within a 
number of functionally relevant networks. For example, neural oscil-
lations within a combination of primarily low frequency bands was 
found to contribute to the BOLD signal contributing to a sensorimo-
tor network (Mantini et al., 2007; Nir et al., 2008). Moreover, using 
MEG, regions identified as having the highest density of   functional 
prefrontal and both premotor cortex and SMA. These results 
are in line with previous work demonstrating the importance of 
premotor cortex to stroke recovery (Johansen-Berg et al., 2002) 
and the inhibitory coupling between SMA and M1 in healthy 
controls (Solodkin et al., 2004). In terms of motor perform-
ance, only connectivity within the motor imagery network, and 
not the motor execution network, was relevant. That is, positive 
correlations were observed between hand function (assessed fol-
lowing motor imagery) and connectivity from contralesional 
prefrontal cortex to SMA as well as from ipsilesional prefrontal 
cortex to premotor cortex. Therefore, increased connectivity with 
prefrontal cortex may have also facilitated recovery. Negative cor-
relations were identified with connectivity between ipsilesional 
SMA and premotor cortex. The authors contend that abnormal 
integration of the prefrontal cortex within the motor network in 
patients with stroke is due to the important role of this region 
in motor preparation and planning. In particular, the cogni-
tive rehearsal of the motor planning program that inevitably 
takes place during motor imagery may be the reason for the 
increased connectivity in this population. Once again, it should 
be mentioned that differences between subjects with stroke and 
controls were not observed using classical analysis of changes in 
localized functional activations for either task (motor imagery 
or execution), thereby reinforcing the importance of evaluating 
motor network changes (Sharma et al., 2009).
In general, the interpretation of the combined findings of these 
studies is that lesions in one hemisphere cause dysfunctional con-
nections with contralesional motor regions that appear to medi-
ate unimanual and bimanual impairments during hand motor 
tasks. Evidence is in support of the importance of secondary 
motor regions, particularly SMA, that influence ipsilesional M1, 
either directly or indirectly through contralesional motor cortex or 
Figure 1 | effective connectivity of motor network during unimanual hand 
movements. (A) Functional coupling in healthy control subjects during right 
hand movement. (B) Significant differences in functional coupling during 
affected (right) hand movement between healthy control subjects and subjects 
with stroke. (C) Significant correlation between rate of affected hand movement 
and strength of inhibitory connections from contralesional M1 to ipsilesional M1. 
SMA, supplementary motor area; PMC, premotor cortex; M1, Primary motor 
cortex. Reproduced with permission from Grefkes et al. (2008).
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a cellular level that are known to include a random outgrowth of 
new axonal connections (Kaiser et al., 2009). Regardless of the 
cause, however, a shift toward random networks is not new to brain 
pathology and has been shown before in the presence of brain 
tumors (Bartolomei et al., 2006), Alzheimer’s disease (de Haan 
et al., 2009; Stam et al., 2009), epilepsy (van Dellen et al., 2009), 
and traumatic brain injury (Nakamura et al., 2009). Therefore, 
as the authors of this study state, network randomization may 
represent a final common pathway for many brain pathologies 
when normal connections are impaired. Further investigations 
are required to better understand this phenomenon and whether 
randomization is indeed facilitating recovery or merely hindering 
the potential for further recovery.
Along with network efficiency changes, the emergence of asym-
metries in the importance of centralized “hubs” of connectivity 
within a motor network appear to be related to the recovery process 
after stroke. As time post-stroke progresses, Wang and colleagues 
also report that the greater the degree of centralization within 
ipsilesional M1 and contralesional cerebellum (dentate nucleus), 
the better the clinical outcomes, while the inverse was true of the 
ipsilesional cerebellum and thalamus (Figure 2C). Compared to 
controls, specific regions to which ipsilesional motor cortex demon-
strated increased connectivity included contralesional motor cor-
tex, post-central gyrus, and ventrolateral premotor cortex, as well 
as bilateral dorsolateral premotor cortex. Contralesional cerebellum 
revealed increased connectivity with ipsilesional ventrolateral pre-
motor cortex. In contrast, regions to which ipsilesional thalamus 
demonstrated reduced connectivity included bilateral dorsolateral 
premotor cortex and basal ganglia as well as contralesional SMA. 
Ipsilesional  cerebellum  was  less  connected  with  contralesional 
cerebellum and bilateral basal ganglia. Importantly, the notion of 
increased connectivity within key regions may have critical implica-
tions for prognosis and treatment (Wang et al., 2010).
Lesions identified within the above-mentioned centralized hubs 
of connectivity create models in which lesion location is of high 
importance and may offer a good predictor of recovery potential. 
In a sophisticated computational model of known structural con-
nections, Alstott et al. (2009) deleted nodes based on centrality 
within the theoretical network and effectively predicted non-local 
brain effects. For example, deletion of nodes within regions of the 
frontal cortex resulted in particularly large and widespread effects, 
whereas lesions directly over primary sensory or motor cortices 
induced smaller, but primarily interhemispheric as opposed to 
intrahemispheric, disruptions (Figures 3A,B). One consideration 
in employing a network model to predict recovery is the time in 
which connectivity changes develop, which may depend on the 
delayed spread of local neural disruption from the lesion site. For 
instance, the randomization noted by Wang et al. (2010) did not 
begin to emerge until 10–14 days after stroke, suggesting that a 
certain amount of time must elapse before the deterioration and 
reorganization of connections leading to and from remote regions 
may be statistically captured and used to predict outcomes. This 
timeline is in contrast to previous stroke predictive markers based 
on early identification of penumbral size and the extent of Wallerian 
degeneration of the corticospinal tract (Witte et al., 2000; DeVetten 
et al., 2010). Since it is well known that early stroke deficits are not 
connections in the alpha “idling” frequency band reflected the high 
functional  demands  placed  on  these  regions  during  daily  tasks 
including somatosensory, visual, and language cortices (Guggisberg 
et al., 2008). Clearly, because this testing paradigm is not induced by 
an active task, it allows for an assessment of functional connectivity 
within multiple neural networks collected during a single experimen-
tal session. Equally important is the possibility to overcome many of 
the limitations of task-based paradigms, particularly as they relate 
to stroke as mentioned in the previous section. Such intrinsically 
connected networks have also been proposed as useful biomarkers 
of sensorimotor impaired brain states such as Parkinson’s disease 
(Stoffers et al., 2008; Wu et al., 2009), amyotrophic lateral sclerosis 
(Mohammadi et al., 2009), multiple sclerosis (Lowe et al., 2002; Cover 
et al., 2006), and brain tumors (Guggisberg et al., 2008). Because 
the concept of resting-state networks as they apply to neurologi-
cal conditions is still relatively new, only a handful of studies have 
employed this method to assess the influence of stroke. However, the 
consensus within these studies is that resting-state connectivity is 
indeed disturbed by a stroke lesion and the resulting spatial patterns 
of connectivity are related to functional outcomes.
The sensorimotor resting network, in particular, has proven to 
be important in understanding motor deficits. Carter et al. (2009) 
used seed regions within an attention and motor network to evalu-
ate interhemispheric and intrahemispheric connectivity in relation 
to clinical motor deficits in an acute (9–31 days) stage after stroke. 
Regions of the motor network included bilateral sensorimotor cor-
tex, SMA, secondary somatosensory cortex, putamen, thalamus, 
and cerebellum. Results revealed a disruption to interhemispheric 
functional connectivity of homologous pairs within both networks 
that correlated with upper extremity impairment. Remarkably, int-
rahemispheric connectivity, even within the lesioned hemisphere, 
did not relate to behavioral outcomes. Also, although the focus of 
this review is on upper extremity impairments, it is worth men-
tioning that lower extremity deficits and gait impairment were 
most highly correlated with the attention network rather than the 
sensorimotor network. This finding is well in line with the clinical 
observation of the marked difficulty in attending to a secondary 
task while walking. Thus, the critical point in this study was that 
the strength of cross-cortical functional connections assessed in the 
resting brain are related to motor tasks. Equally important is that 
these results could not be explained by structural damage, since 
for the most part, the attention and motor networks were outside 
of the lesion core (Carter et al., 2009).
While the strength of connectivity is one characterizing feature 
of resting-state functional connectivity, pathological changes may 
also be quantified by the degree of efficiency in which information 
flows between connected regions. In a recent longitudinal study, 
Wang et al. (2010) described dynamic changes in network efficiency 
using a graph theoretical approach. fMRI data was collected at five 
post-stroke time points (1 week, 2 weeks, 1 month, 3 months, and 
1 year). The primary finding was that changes occurring within a 
motor network, defined by 21 brain regions, progress toward a ran-
dom, less optimized network (Figures 2A,B). That is, nodes tend 
to become less clustered and information must travel over longer 
distances as more time passes from the stroke event. Interestingly, 
the degree of randomization positively related motor recovery. 
Though  the  underlying  mechanisms  of  this  process  remain 
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subjects who improved the most as a result of the intervention 
were the only subjects to demonstrate an increased influence 
of SMA on ipsilesional premotor cortex, which then indirectly 
influenced ipsilesional M1. Although the different types and loca-
tion of stroke included in this study may have confounded the 
results, these findings highlight the potential for asymmetrical 
reorganization to occur in relation to recovery after stroke rather 
than a return to the symmetrical connections seen in healthy 
controls (James et al., 2009).
As  with  task-based  paradigms,  limitations  in  resting-state 
approaches also exist. For example, recent TMS data with simul-
taneous motor task suggest that network activity is modulated 
from rest to executed movement. At this point, it remains unclear 
whether these changes are comparable between subjects with stroke 
and healthy controls. For resting-state analyses, these findings open 
several questions that have yet to be resolved. That is, precisely what 
information can we gain from resting-state activity that extends 
beyond knowledge of structural anatomy? How is “resting-state” 
defined? What is the consistent set of instructions that should be 
provided to all subjects (i.e., “Be free of thought?” “Eyes open or 
closed?”). Until a consensus is reached on the resting-state para-
digm, comparisons across studies must be cautiously interpreted.
representative of eventual outcomes, it may be that the delays in 
network changes are at least one of the mechanisms accounting 
for further damage or repair.
Because functional resting-state networks appear to repre-
sent the foundation of neural activity, the possibility to induce 
change through  rehabilitation  is  an  intriguing  concept.  In  a 
recent study, James et al. (2009) used fMRI and structural equa-
tion modeling to assess whether a novel intervention could alter 
the driving influences of connectivity within a resting motor 
network in subjects in the subacute stage (34–55 days) after stroke 
(Figure 4). The intervention followed a task specific training 
protocol including repetitive, goal-directed movements of the 
affected upper extremity at a dose of 2 h per day, 5 days per 
week, for 3 weeks. The structural equation modeling analysis 
included anatomically defined regions of bilateral primary motor 
cortices, lateral dorsal premotor cortices, and SMA. Following 
treatment, an increased influence of ipsilesional premotor cortex 
on contralesional premotor cortex was observed that positively 
related to improvements in motor performance. In contrast, a 
control subject with stroke who did not receive the intervention, 
demonstrated the reverse pattern: contralesional premotor cortex 
influenced ipsilesional premotor cortex. An intrahemispheric 
influence of ipsilesional premotor on M1 was also found in four 
Figure 2 | Changes in network efficiency over time post-stroke. (A) 
Significant negative correlation between clustering coefficients (fitted gamma) 
and time post-stroke represents shift toward a random network configuration. 
(B) Non-significant positive correlation between the shortest path length (fitted 
lambda) and time post-stroke (C) Connectivity parameters between nodes of 
the motor network. Increased connectivity (red lines) are primarily seen as 
interhemispheric connections between M1 and contralesional sensorimotor 
regions. Reduced connectivity (blue lines) is mainly found in ipsilesional 
subcortical areas and cerebellum. IH, ipsilesional hemisphere; CH, contralesional 
hemisphere; M1, primary motor cortex; PCG, post-central gyrus; PMd, 
dorsolateral premotor cortex; PMv, ventrolateral premotor cortex; SMA, 
supplementary motor area; Th, thalamus; BG, basal ganglia; SPL, superior 
parietal lobule; SCb, superior cerebellum; DN, dentate nucleus; AICb, anterior 
inferior cerebellum. Reprinted with permission (Wang et al., 2010).
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ures, reflecting global disability. The second component was found 
to reflect scores describing hand and upper limb function (Strens 
et al., 2004). In general, during these early investigations of stroke-
related recovery patterns, the challenge will be to adequately model 
motor performance to best derive meaning from the relationship 
with functional connectivity. Just because behavioral correlations 
of a selected group of outcomes did not correlate does not mean a 
behavioral relationship does not exists with other, potentially more 
meaningful motor outcomes.
Loss of motor control of the so-called “unaffected” upper or 
lower extremity should also be considered. Given that a lesion may 
affect a bilaterally distributed motor network, it seems plausible 
that the ipsilateral limb may be affected. A handful of studies have 
evaluated this possibility with kinetic and kinematic measures and 
demonstrated bilateral impairment in grasp following unilateral 
subcortical stroke (Quaney et al., 2005; Nowak et al., 2007). At least 
two possible mechanisms account for these bilateral deficits. The 
first is that a subcortical lesion may damage the small percentage 
of ipsilesional descending corticospinal tract fibers. The second 
possibility is that a unilateral lesion-affected the inhibitory bal-
ance between the two homologous motor cortices. Consequently, 
these deficits must be taken into account when evaluating and 
interpreting the behavioral correlates of changes in widespread 
brain networks.
notes on measurement of recovery
One of the surprisingly understated considerations in any study of 
the neural substrates of stroke recovery is the definition of recovery. 
Clearly, the choice of the clinical outcome by which recovery is 
judged and, in turn, used to interpret changes in brain connectiv-
ity patterns is tremendously important. Unfortunately, a familiar 
limitation of clinical outcome scales is that they often do not cap-
ture true motor recovery inasmuch as they capture compensatory 
changes at the behavioral level (Levin et al., 2009). To overcome 
these limitations and to generate an overall impression of recovery, 
it is recommended that either a composite score based on several 
outcome measures (Ward et al., 2003) or kinematic and kinetic 
variables should be employed. Moreover, since hemiparesis is gen-
erally more severe in the distal musculature, and less severe in the 
proximal musculature (Colebatch and Gandevia, 1989), evaluation 
of recovery should consider hand movement in isolation (i.e., grip) 
and in combination with proximal upper extremity movement (i.e., 
reach). In doing so, differential recovery of both grasp and reach-
ing, if present, will be captured. If clinical scales are used, redun-
dancy can be avoided by including data reduction techniques such 
as principal component analysis (Strens et al., 2004; Chouinard 
et al., 2006). For example, Strens et al. (2004) assessed subjects 
using a range of eight outcome measures. A principle component 
factor analysis revealed that only two principal components were 
required to adequately describe 82% of the total variance. The first 
Figure 3 | Computational modulations in connectivity resulting from lesions in (A) Frontal cortex and (B) Sensorimotor cortex. Red lines indicate increased 
strength in connectivity. Note the widespread disruption caused by a lesion in the prefrontal cortex compared with the relatively constrained, intrahemispheric 
changes resulting from a lesion of the sensorimotor cortex. Reproduced with permission from Alstott et al. (2009).
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recovery also necessitates that a change in motor skill is measured. 
Therefore, while cross sectional designs are useful to determine the 
association between patterns of neural connectivity and the extent 
of motor control, only a longitudinal assessment will truly define 
the changes in neural connectivity associated with recovery. This 
point has been made clear in studies evaluating focal activation 
data (Ward et al., 2003) and now needs to be applied to connec-
tivity data.
Finally, when evaluating functional networks during task per-
formance across a group of subjects or at sequential time points, it 
is essential to control the amount of effort exerted during the task. 
For example, asking patients and control populations to reproduce 
a small percent of their maximal effort will help to match the initial 
performance level of all subjects. Otherwise, a fixed maximal level 
of exertion will inevitably overestimate changes associated with 
recovery (Ward et al., 2007).
What Is next?
The distributed impairments of connected neural systems after a 
stroke lesion will likely have widespread implications for clinical 
neuroscience. Clearly, with the relatively sparse number of stud-
ies evaluating stroke recovery from a neural network perspective, 
more research is needed. At this point, it remains unclear whether 
differences in functional connectivity between control subjects and 
subjects with stroke are related to adaptive or maladaptive brain 
reorganization, motor performance compensation, or if they are 
merely an epiphenomenon such as the release of the contralesional 
hemisphere from suppression of the ipsilesional hemisphere (Strens 
et al., 2004).
Overall, with a growing body of literature to support a functional 
connectivity approach, it is crucial that future research continue to 
expand the understanding of the spectrum of changes occurring 
in the brain after stroke. In this capacity, investigations of lesion-
induced network plasticity are anticipated to challenge current 
Figure 4 | effective connectivity within the motor network pre and 
post TMS intervention. Gray shading indicates lesioned hemisphere. 
Numbers above each line correspond to the strength of the path coefficient. 
ASAP , training group; UCC, usual care subject; Control, healthy control; LM1, 
left primary motor cortex; RM1, right primary motor cortex; LPM, left 
premotor cortex; RPM, premotor cortex; SMA, supplementary motor 
area. Reproduced with permission from James et al. (2009). Thomas Land 
Publishers, Inc.
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connectivity underlying clinical symptoms enables the reconcili-
ation of previous localized neuroimaging findings with known 
anatomical connections of sensorimotor function. The notion of 
hemispheric competition and the potentially negative influence of 
the contralesional motor cortex on ipsilesional cortex requires fur-
ther investigation within this framework. Nonetheless, evaluations 
of the positive and negative influences acting upon each node of 
an extended motor network is emerging as an essential technique 
in the study of motor recovery. Modulation of neural interactions, 
either through TMS, physical therapy, or pharmacological interven-
tions, may then be directly targeted so that increasingly favorable 
outcomes may ensue.
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frameworks of post-stroke rehabilitation such that patient strati-
fication may be enhanced to maximize motor performance. Current 
models of stroke intervention are primarily based on behavioral 
status. Within the proposed recovery framework, predictions of a 
patient’s capacity to achieve motor gains after stroke will instead be 
based on a more precise understanding of the neurophysiological 
underpinnings and, in turn, present a more accurate portrait of 
recovery. Unique advantages and limitations of individual imaging 
approaches suggest a multimodal assessment of functional con-
nectivity as the best approach to assess this framework. Findings 
may then be integrated with results of structural connectivity 
analysis, and even genetic factors of motor learning such as BDNF 
and COMT, to create a powerful combination of complementary 
techniques to best depict the interruption and subsequent reor-
ganization of neural networks after stroke.
In summary, neurological deficits after a focal stroke lesion not 
only reflect local dysfunction at the site of injury, but are also deter-
mined by the distributed impairment of connected neural systems. 
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